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The bioactive 3,4-dihydropyrimidin-2(1H)-thione derivative known as Monastrol was synthesized under catalyzed and non-catalyzed 
conditions through the Biginelli multicomponent reaction under solvent-free conditions. The use of two Lewis acids (FeCl3 and 
CuCl2) and two Brønsted acids (HCl and CF3COOH) as catalysts improved the reaction yields of the transformation compared with 
the non-catalyzed reaction. The experiments investigated catalysis and its role, the importance of multicomponent reactions and their 
green features, and the application of these concepts to the synthesis of a biologically important structure. 
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INTRODUCTION 
3,4-Dihydropyrimidin-2(1H)-one (or thione) derivatives, also 
referred to as DHPMs (Figure 1), are an important class of hete-
rocyclic compounds which commonly exhibit interesting biological 
activity such as calcium channel modulators, adrenergic receptor 
antagonists, antibacterials, mitotic Kinesin inhibitors, antivirals, and 
others, as recently reviewed.1,2 Among DHPMs, Monastrol (Figure 
1) is found in a prominent position.3 Of considerable interest is the 
antitumoral activity described for racemic Monastrol and other race-
mic DHPMs.4-7 Some evidence supports a mechanism of Monastrol 
action by which this DHPM derivative weakens the interaction of 
the motor kinesin Eg5 and the mitotic machinery target tubulin,8 
therefore acting as a kinesin spindle protein inhibitor.9 Indeed, 
Monastrol has been considered to be a promising lead compound 
since its identification.10
Because of the importance of DHPMs, several new methodologies 
have recently been developed for the synthesis of Monastrol and 
derivatives, as reviewed.11 The most useful and elegant methodology 
currently applied for DHPM syntheses is the Biginelli multicompo-
nent reaction (MCR). Discovered in 1891 by Pietro Biginelli,12 in the 
last two decades this important MCR has experienced exponential 
growth in significance because of its paramount importance in never-
-ending biologically active compound syntheses and discovery.2,13 The 
Biginelli reaction,3,14-16 which is usually applied for direct access of 
Monastrol (Scheme 1) and derivatives,17-21 as a class of MCR, has 
many advantages over traditional synthetic methodologies.22 From 
the viewpoint of eco-friendly and sustainable conditions, for instance, 
MCRs have the advantage of multi-reagents brought together in a 
one-pot version, thus avoiding waste from multi-step purifications 
and residue generation. Moreover, MCR adducts incorporate in their 
structures almost all atoms from the reagents (atom efficiency), and 
water is the common by-product. 
To improve yields, reaction times, selectivities and to minimize 
reagent excesses, by-product formation, high temperatures, environ-
mental pollution, waste and cost in the Biginelli synthesis, catalysis 
proved to be an unsurpassed tool,23 especially in achieving strategies 
to approach eco-friendly catalytic conditions for further use in the 
renewable chemical industry.24 Indeed, catalysis has a fundamental 
role in the Biginelli synthesis, as very recently discussed.25 
It is noteworthy that Monastrol is a DHPM of paramount im-
portance and that its synthesis using the Biginelli reaction has many 
attractive features for teaching and learning chemistry,26 especially 
for advanced college students.27 For these reasons, we describe a 
simple and convenient experiment for the synthesis of Monastrol 
using the Biginelli MCR highlighting the importance and role of 
catalysis towards a more environmentally acceptable methodology. 
This experiment has been incorporated/tested in a final-year under-
graduate organic laboratory with 6 h of laboratory work per week, and 
a typical enrollment of 16 students (maximum) per class. Associated 
lectures aimed to cover concepts of MCRs, catalysis, kinetics and 
green chemistry therefore connecting theoretical principles with 
their practical experiences. The medicinal/biological relevance of 
Monastrol is very appealing for laboratory practice and proved to 

























Figure 1. General structure of a 3,4-dihydropyrimidin-2(1H)-one (or thione) 
derivative (DHPM, left) and the biologically active DHPM known as Mon-




















Scheme 1. Biginelli reaction applied in the synthesis of bioactive (+/-)-Mo-
nastrol. Note that the reaction can be performed in the presence or in the 
absence of a catalyst and also under solvent-free conditions
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EXPERIMENTAL 
General
The Monastrol synthesis experiment is appropriate for under-
graduate students currently learning advanced organic chemistry 
(advanced college students). The overall experiment requires two 
sessions of 6 h (including associated lectures). Thiourea and 3-hydro-
xybenzaldehyde were used as obtained from the manufacturer. Ethyl 
acetoacetate was distilled before the experiment and was provided 
ready for the students’ use. Important! It is recommended that the 
experiments be performed in well-ventilated fume hoods. All rea-
gents are irritants, so nitrile-type protective gloves must be put on 
when handling these compounds. Care is needed in handling liquid 
nitrogen, because it may cause severe cold burns in contact with skin. 
When operating vacuum pumps care is also necessary. Ethanol is 
flammable and toxic if swallowed. The Bronsted acids cause burns 
and are irritating to the respiratory system. The Lewis acids are toxic 
by ingestion or inhalation. Appropriate safety goggles, gloves, and 
laboratory coats should be worn during all the experiment time pe-
riod. Additional details are described in the supplementary material. 
Synthesis of Monastrol
To a round-bottomed flask (10 mL), equipped with reflux con-
denser, thiourea (1.00 mmol, 76 mg), 3-hydroxybenzaldehyde (1.00 
mmol, 122 mg) and ethyl acetoacetate (1.00 mmol, 130 mg) are added. 
The catalyst (when required) is then added (10 mol%). The mixture 
is heated for 4 h at 80 °C under stirring. Five different reaction con-
ditions are therefore evaluated: (i) non-catalyzed reaction; (ii) FeCl3 
(Lewis acid) as the catalyst; (iii) CuCl2 (Lewis acid) as the catalyst; 
(iv) HCl (Bronsted acid) as the catalyst; (v) CF3CO2H (TFA, Bronsted 
acid) as the catalyst. After the reaction time is complete (4 h), 13 mL 
of a mixture of H2O:EtOH (8 mL and 5 mL, respectively) was added 
at once and stirred at 80 °C until total dissolution. The solution is then 
allowed to cool and rest for three days inside the fume hood. A pre-
cipitate forms and the mixture is filtered, and then washed with cold 
water to remove the unreacted reagents and the catalyst, after which 
it is dried under vacuum. The following yields are obtained: 40% (no 
catalyst), 93% (FeCl3), 95% (CuCl2), 63% (HCl), 86% (TFA). All 
yields expressed here were obtained by two skilled graduate students, 
and in the laboratory classes, yields obtained by the undergraduate 
students are usually lower (typically 10-25% less), but they work to 
discuss the role of catalysis in the Biginelli synthesis of Monastrol. 
Ethyl-6-methyl-4-(3-hydroxyphenyl)-2-thioxo-1,2,3,4-
tetrahydropyrimidine-5-carboxylate (Monastrol): 1H NMR 
(DMSO-d6, 300 MHz, δ ppm): 10.28 (s, 1H); 9.59 (s, 1H); 9.44 (s, 
1H); 7.09 (t, 1H; J = 7.9 Hz); 6.65 (m, 3H); 5.09 (d, 1H, J = 2.7 Hz); 
3.98 (q, 2H, J = 6.7 Hz); 2.27 (s, 3H), and 1.08 (t, 3H, J = 6.9 Hz). 
13C NMR (DMSO-d6, 75 MHz, δ ppm): 174.6, 165.6, 157.9, 145.3, 
145.2, 129.9, 117.5, 115.0, 113.7, 101.2, 60.5, 54.4, 17.6, and 14.4. 
FT-IR (KBr, cm-1): 3304, 3179, 3109, 2982, 1662, 1573, 1479, 1375, 
1293, 1196, 1117, and 747. Yellow solid, m.p. 180-181 °C. 
RESULTS AND DISCUSSION
The current experiment aims to bring advanced undergraduate 
students closer to contemporary research with an emphasis on 
catalysis and green chemistry approach. The experiment with five 
different conditions, including a non-catalyzed version of the Biginelli 
reaction, allows the student to realize the importance of catalysis 
and its role. The experiment requires water and ethanol to purify 
the final product, thus reinforcing the concept of green chemistry 
also in the purification steps rather than only during the synthesis. 
The syntheses are carried out in solvent-free versions, which is also 
a desired feature of green chemistry in the synthesis of DHPMs.14 
Two Lewis and two Bronsted acids were used as catalysts, allowing 
a comparison and discussion on the differences between those two 
types of catalyst. Additional literature is suggested to provide the 
bases for the discussion regarding the catalyst effect and the Biginelli 
mechanism (see the three most accepted mechanisms in Scheme S1 
in the supplementary material).28-30 Considering the characteristics 
of MCRs, the advanced undergraduate class is also prompted to 
consider concepts of atom economy based on the Biginelli reaction 
framework. It is worth remembering that the only byproduct from 
this MCR condensation is water (two molecules). 
From the theoretical lessons prior to the laboratory experiment, 
the students received information from the literature describing 
Monastrol synthesis under several conditions, e.g. higher tempe-
ratures, different solvents, expensive catalyst and others (see the 
cited reviews). This information allowed comparison with their own 
experiments, thereby reinforcing the importance of a greener appro-
ach in modern synthesis and catalysis. Moreover, the class is able to 
compare the synthesis under catalyzed and non-catalyzed versions, 
thus highlighting the importance of catalysis, which is crucial for the 
depth of knowledge during discussions of the mechanism.25 
During the experiment evaluation, students are urged to think 
about the limitations of the current methodology they applied in the 
synthesis of Monastrol. For instance, the methodology described does 
not allow the catalysts tested to be efficiently recycled. The Lewis 
acids used are cheap, but they are not recycled, and the Bronsted acids 
are not as efficient as the Lewis acids. Moreover, the reaction with 
TFA turns dark, indicating partial decomposition of the reagents.31 
Finally, only for illustrative purposes, a picture (Figure 2) of 
breast cancer cells (MCF-7) is shown under the action of Monastrol 
and in the absence of it (negative control). Figure 2 also allows the 
students to understand the origin of the name Monastrol. Figure 2 
is part of original results from our research group and it is provided 
here for didactic purposes. 
In the supplementary file (Figure 1S), all the pictures are shown 
of Monastrol’s effect and in the absence of the bioactive DHPM 
(negative control). During cell division, replicated DNA is segre-
gated into two daughter cells by a bipolar spindle (see Figure 2, 
right). The sister chromatids must be detached from one other and 
Figure 2. (Left) MCF-7 cells (breast cancer cells) treated with bioactive 
Monastrol shows a metaphase/anaphase transition abrogated. (Right) 
Untreated MCF-7 cells (negative control) with normal bipolar spindle. The 
blue color is the nucleus DNA stained with the commercially available DNA 
marker DAPI. The green color is immunofluorescence staining of α-tubulin 
proteins. Noteworthy that the name Monastrol is derived from the persistent 
“monoastral” noted for cells treated with the biologically active DHPM. 
Monastrol causes monoastral spindles in mitotic cells. These pictures were 
obtained under a LASER scanning confocal microscope and illustrate the 
action and importance of Monastrol as an antitumoral agent
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pulled by the cytoskeleton elements in order for each chromatid set 
to reach the polar localization in the cell.32 This process depends on 
the chromosomes being attached to the microtubule bundles, such 
that each sister kinetochore is also attached to opposite poles of a 
bipolar spindle. This process is denominated amphitelic attachment.33 
In the presence of Eg5 kinesin inhibitor Monastrol, disruption of the 
bipolar mitotic spindles takes place in mammalian cells, preventing 
the spindle poles from separating. The monoastral spindles have 
most of their chromosomes in the syntelic configuration, with both 
sister chromatids attached by their kinetochores to the unsepara-
ted spindle pole.34 Considering that Monastrol action sustains the 
“monoastral” configuration, it is now possible to understand the 
name “Monastrol”. Briefly, Monastrol inhibits the activities driving 
centrosome separation in the cancer cells,35 and monoastral spindle 
phenotypes are produced because of these unseparated centrosomes 
in the microtubule organization.
CONCLUSIONS
In summary, we have described a laboratory experiment for 
advanced undergraduate students emphasizing the role of catalysis 
and green features of MCRs. The experiment produces a biologically 
active and important antitumoral DHPM (Monastrol) applying the 
Biginelli synthesis, thus increasing the audience’s interest in the 
experiment. Several emphases can be highlighted for the current 
experiment:
(i) The importance and green features of MCRs;
(ii) The importance and role of catalysis for MCRs;
(iii) The importance of bioactive DHPMs;
(iv) Mechanistic discussions of MCRs, especially for the Biginelli 
reaction, and the role of the catalyst for the mechanisms.
(v) The interface between chemistry and biology as well as its para-
mount importance. 
The current experiment may seem trivial to experts, but it is of 
vital importance for undergraduate students. The opportunities for 
teaching and learning during this experiment are outstanding and 
certainly work in improving the knowledge of synthesis, catalysis, 
and green chemistry. Furthermore, the experiment also fosters the stu-
dents’ interest in chemical biology and, at the same time, discloses the 
importance of works on the interface between chemistry and biology.
SUPPLEMENTARY MATERIAL
Biginelli reaction background, mechanisms, pictures of Monastrol 
action in breast cancer cells, IR and NMR spectra of Monastrol, 
proposed questions to be discussed and brief answers. This material 
is available free of charge via the Internet at http://quimicanova.sbq.
org.br, as a PDF file.
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Figure 1S. MCF-7 cells (breast cancer cells) treated with Monastrol shows 
a metaphase/anaphase transition abrogated. Pictures (A), (B) and (C) shows 
the mono-astral spindles during metaphase/anaphase transition caused by 
EG5 kinesin inhibition targeted by Monastrol. Pictures (E), (F) and (G) 
shows untreated negative control cells with normal bipolar spindle. The blue 
emission is DNA stained with commercially available DAPI. The green color 
is α-tubulin immunostained. Pictures (D) and (H) shows the cells normal 
morphology by phase contrast microscopy
INSTRUCTIONS FOR STUDENTS
Background and Theory
Multicomponent reactions (MCRs) are one-pot pro-
cedures in which almost all atoms of three or more rea-
gents are combined, in order to afford only one product. 
Usually, water is the solo byproduct from MCRs. This 
procedure is distinguished from classical linear synthesis. 
MCRs have several advantages when compared to classi-
cal procedures, especially considering atom economy and 
purification procedures. Different levels of complexity 
and high structural diversity from structurally simple 
starting materials may be attained from MCR procedures. MCRs have 
attractive features such as being converged, operational simplicity, 
atom economy, structural diversity and complexities of compounds. 
Ideally, such reactions end with an irreversible new chemical bond, 
therefore favoring the product formation, decreasing reaction time 
and increasing the reaction’s selectivity. For these aforementioned 
reasons, MCRs are emerging as superior tools for the synthesis of 
biologically active compounds and never-ending libraries of such 
























































































































Scheme 1S. Examples of widely explored multicomponent reactions (MCRs)
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the Biginelli, Mannich and Hantzsch reactions; there is also a class 
of isocyanide-based MCRs such as Passerini and Ugi.
In 1891 (and revisited in 1893) Pietro Biginelli published his 
pioneering findings on the three-component reaction that is known as 
the Biginelli reaction. This three-component one-pot reaction leads to 
the synthesis of 3,4-dihydropyrimidin-2(1H)-one or –thione (DHPM) 
typically by mixing an aldehyde (1), an 1,3-dicarbonyl derivative (2), 
and urea (or thiourea) (3) under catalyzed conditions (see Scheme 2).1 
The Biginelli reaction is quite a versatile MCR as it can be performed 
with several variations in the three components, affording therefore 
an infinity of DHPMs.2-3 To improve yields, reaction times and selec-
tivities and to minimize reagent excesses and by-product formation 
(from side reactions) it is necessary to understand the mechanism of 
the Biginelli reaction.
During the 1930s, Folkers and Johnson proposed that structures 
shown in Scheme 3 could be involved in the mechanism.4 Compound 
5 was the result from intermolecular condensation of benzaldehyde 
1 and two equivalents of urea 3. Another compound involved is ena-




















Scheme 2S. The classical Biginelli reaction with three common tested reagents 
i.e. benzaldehyde, ethyl acetoacetate and urea
Scheme 3S. The accepted mechanisms (via iminium, enamine, and Knoevenagel) for the Biginelli reaction
known as the Knoevenagel adduct, formed from the condensation of 
1 and 2. A more detailed mechanistic interpretation for the Biginelli 
reaction was later proposed by Sweet and Fissekis,5 known as the 
Knoevenagel reaction pathway. Their mechanism is based on the 
formation of a carbenium ion (Scheme 3).
Later, Kappe6 reinvestigated the Biginelli intermediates using 
NMR techniques and monitored the standard reaction of benzal-
dehyde 1 and ethyl acetoacetate 2 in MeOD/HCl. No evidence was 
found that related products of the two reagents at room temperature, 
but in the same study the formation of bisureide 5 (see the iminium 
mechanism pathway in Scheme 3) was detected.
More recently, direct infusion electrospray ionization mass 
spectrometry (ESI-MS) has been incorporated in the set of major 
techniques for mechanistic studies of organic and inorganic reactions.7 
Owing to its outstanding ability to detect ionic or ionized interme-
diates directly from reaction solutions and due to the gentle transfer 
into the gas phase, with high sensitivity and speed, ESI-MS(/MS) has 
provided continuous snapshots of the ionic composition of reaction 
solutions, allowing on-line MS monitoring and characterization of 
the intercepted intermediates. It was possible therefore to monitor the 
mechanistic pathways for the Biginelli reaction and to analyze the 
influence of different catalysts.8 Based on these previously published 
works,8 and knowing that Scheme 3 may be used as the basis for 
discussion of the mechanism, it is possible to explore the catalyst’s 
influence over the reaction pathway of the Biginelli reaction, to 
discuss with the audience the preferred reaction pathway and how 
to influence the selection of one mechanism over another based on 
the catalyst choice. 
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Experimental
Chemicals
CAS Number 62-56-6 - Thiourea 
CAS Number: 100-83-4 - 3-hydroxybenzaldehyde 
CAS Number: 141-97-9 - Ethyl acetoacetate 
Hazards
Thiourea is very hazardous if ingested. Hazardous in the case of 
skin contact (irritant), of eye contact (irritant), of inhalation. Slightly 
hazardous in the case of skin contact (permeator). Severe over-
exposure can result in death. When manipulating ethyl acetoacetate, 
contact with skin, eyes and clothing must be avoided. If contact takes 
place, wash hands. Also, wash hands after the product manipulation. 
In the case of vapor formation use a respirator with an approved filter; 
it is recommended that experiments be performed in a well-ventilated 
fume hood. All reagents are irritants, so nitrile-type protective gloves 
must be put on when handling these compounds. It is necessary to 
take care in handling liquid nitrogen because it may cause severe 
cold burns in contact with skin. When operating vacuum pumps care 
is also necessary. Ethanol is flammable and toxic if swallowed. The 
Bronsted acids cause burns and are irritating to the respiratory system. 
The Lewis acids are toxic by ingestion or inhalation. Appropriate 
safety goggles, gloves, and laboratory coats should be worn during 
all the experimental time period. 
SPECTRAL DATA
Monastrol: Light yellow solid. Melting point 180-181 °C (litera-
ture9 180-183 °C) and Rf 0.24 (hexane/AcOEt 7:3). 
Figure 2S. Infrared spectrum (KBr) of Monastrol from representative student 
experiments
Figure 3S. 1H NMR of Monastrol (300 MHz, DMSO-d6) from representative student experiments
INSTRUCTOR NOTES
In order to verify the knowledge acquired during the experimental 
classes, the following questions are proposed:
1 - What is the role of catalysis? And for the Biginelli reaction? 
Answer: Catalysis is very useful to diminish reaction times, and 
to improve yields, selectivities, turnover numbers and frequency. 
Considering the Biginelli MCR, catalysis plays a major role in im-
proving yields, diminishes reaction times, avoids reagent waste and 
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Figure 4S. 13C NMR of Monastrol (75 MHz, DMSO-d6) from representative student experiments
helps to select one reaction pathway. We strongly suggest the reading 
of reference 25 cited in the main text. 
2 - How can you select one mechanistic pathway for the 
Biginelli reaction?
Answer: The paths can be directed from the proportions of the 
reagents used or through the use of a catalyst, which is decisive in 
the formation of the key intermediates for each of the three possible 
mechanisms. It is interesting to note that catalysts (Bronsted or Lewis 
acids) have already been described which may select one among the 
three possible mechanisms.
3 - Why are MCRs so important?
Answer: MCRs are extremely important for easy and direct ac-
cess to libraries of bioactive compounds through one-pot procedures 
which are found in line with green principles and more eco-friendly 
approaches. Moreover, MCRs allow the generation of several deri-
vatives which may have their biological potential tested, aiming at 
structure-active relationship studies. 
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